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ABSTRACT

Argonne National Laboratory (ANL) and the National Energy Technology
Laboratory (NETL) are developing dense membranes for separating hydrogen from
mixed gases, particularly product streams generated during coal gasification, methane
partial-oxidation, and water-gas shift reactions.  Hydrogen separation with these
membranes is nongalvanic, i.e., it does not use electrodes or an external power supply to
drive the separation, and hydrogen selectivity is nearly 100% because the membranes
contain no interconnected porosity.

Novel cermet membranes (i.e., ceramic-metal composites) have been developed to
separate hydrogen from gas mixtures at high temperature and pressure.  These
membranes (ANL-1, -2, and –3) are classified according to the hydrogen transport
properties of their metal and ceramic phases.  We report results regarding the
thermodynamic stability and electrical conductivity of BaZr0.8-xPrxY0.2O3 (x £ 0.8),
materials that are being considered as a potential ceramic matrix in ANL-1 and –2
membranes.  The hydrogen flux through ANL-3e membranes is reported as a function of
membrane thickness and partial pressure of hydrogen in the feed gas.  The results
indicate that the hydrogen flux through ANL-3e membranes is limited by bulk diffusion
of hydrogen through the metal phase in the thickness range of 22-100 mm.  The highest
hydrogen flux for an ANL-3e membrane (19.0 cm3 (STP)/min-cm2) was measured with a
22-mm-thick sample at 900°C using 100% H2 as the feed gas.  This value is only slightly
lower than the record flux measured with an ANL-3a membrane (20 cm3(STP)/min-cm2).
The hydrogen flux of ANL-3e membranes was stable for up to 120 h in atmospheres
containing up to 400 ppm H2S.  While longer-term (>120 h) studies are needed, these
results indicate that the membranes may be suitable for practical applications.
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INTRODUCTION

Hydrogen is an attractive fuel for both the electric power and transportation
industries because its entirely pollution-free combustion addresses rising concerns over
global climate change.  Producing abundant supplies of hydrogen from fossil and
renewable resources would diversify the domestic energy supply and help to reduce
dependence on foreign sources.  In his 2003 State of the Union address, President Bush
announced a Hydrogen Fuel Initiative to develop hydrogen production and distribution
technologies for powering fuel-cell vehicles and stationary fuel-cell power sources.  The
goal of this initiative is to lower the cost of hydrogen enough to make fuel-cell cars cost-
competitive with conventional gasoline-powered vehicles by 2010, and to advance the
methods of producing hydrogen from renewable resources, nuclear energy, and coal. As
part of the effort to devise cost-effective, efficient processes for producing and utilizing
hydrogen, Argonne National Laboratory (ANL) and the National Energy Technology
Laboratory (NETL) are developing dense, hydrogen-permeable membranes.

The goal at ANL/NETL is to develop a dense, ceramic-based membrane that is
highly selective, chemically stable in corrosive environments at operating temperatures
up to ≈900°C, and can separate hydrogen from mixed gases at commercially significant
fluxes under industrially relevant operating conditions.  The effort at ANL/NETL initially
focused on BaCe0.8Y0.2O3-d (BCY), a mixed proton/electron conductor whose high total
electrical conductivity [1, 2] suggested that it may yield a high hydrogen flux without
need for electrodes or electrical circuitry.  Early results showed, however, that the
electronic component of conductivity for BCY is insufficient to support a high
nongalvanic hydrogen flux [3, 4].  To increase the electronic conductivity, and thereby
increase the hydrogen flux, we have developed various cermet (i.e., ceramic-metal
composite) membranes, in which 40-50 vol.% of a metal is dispersed in a ceramic matrix
[5, 6].

The cermet membranes being developed by ANL/NETL are classified as ANL-1, -
2, or -3 on the basis of the hydrogen transport properties of the metal and matrix phases.
In ANL-1 membranes, a metal with low hydrogen permeability is distributed in the
hydrogen-permeable matrix of BCY.  ANL-2 membranes also have a matrix of
hydrogen-permeable BCY, but they contain a hydrogen transport metal, i.e., a metal with
high hydrogen permeability.  In ANL-3 membranes, a metal with high hydrogen
permeability is dispersed in a ceramic matrix of low hydrogen permeability, e.g., Al2O3,
ZrO2, or BaTiO3.  Each membrane is identified by a number representing the class of
membrane as described above and a letter indicating a specific combination of metal and
matrix phases.  For example, ANL-3a is an ANL-3 membrane that contains a specific
metal in a matrix of Al2O3, whereas ANL-3b contains a different combination of
hydrogen transport metal and ceramic.  A letter is not included when general comments
are made about an entire class of membranes, e.g., ANL-3 membranes.

Hydrogen permeation through ANL-1a is higher than that in monolithic BCY
because the metal in ANL-1a increases its electronic conductivity.  Because the metal in
ANL-1a has low hydrogen permeability, only a small part of the hydrogen diffuses
through the metal phase.  ANL-2a membranes, in which a hydrogen transport metal
replaces the metal of ANL-1a, gives a still higher hydrogen flux.  The metal in ANL-2a
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facilitates hydrogen diffusion by increasing the electronic conductivity and by providing
an alternative path for hydrogen diffusion.  Although BCY and the metal phase both
contribute to hydrogen permeation through ANL-2 membranes, most of the hydrogen
diffuses through the metal, while only a small amount diffuses through BCY [7].

Because BCY contributes relatively little to the hydrogen flux through ANL-2
membranes, has poor mechanical properties, and is chemically unstable under some
conditions of interest [8], we began investigating possible alternatives. BaPrO3 and
BaZrO3 are promising: BaPrO3 is reported to have a very high conductivity [9-11] but
rather poor chemical stability, whereas BaZrO3 is reported to have excellent stability but
relatively low conductivity (especially electronic conductivity) [9, 12, 13].  In an attempt
to balance the high conductivity of BaPrO3-based materials with the good stability of
BaZrO3-based materials, we are investigating intermediate compositions given by the
formula BaZr0.8-xPrxY0.2O3.  In this paper, we report initial analytical results of these
materials.

We also studied ANL-3 membranes, which contain a hydrogen transport metal in a
thermodynamically stable ceramic matrix with superior mechanical properties, e.g.,
Al2O3 or ZrO2.  These membranes have high hydrogen permeability, improved strength,
and greater chemical stability compared to ANL-2 membranes. While ANL-3a
membranes have attained the highest hydrogen flux to date (20 cm3(STP)/min-cm2) for
an ANL/NETL membrane, they require sintering at relatively high temperature to
eliminate interconnected porosity.  In some cases, sintering at high temperature causes
the metal phase to exude from the membrane, which also creates interconnected porosity.
To lower the sintering temperature and eliminate interconnected porosity, we developed
ANL-3e membranes, which contain the same hydrogen transport metal (50 vol.%) as
ANL-3a membranes but use a ceramic matrix that densifies at lower temperatures. We
report here hydrogen flux measurements for ANL-3e membranes as a function of
membrane thickness.  Also, because hydrogen separation membranes are expected to
contact gas streams in which H2S is present, the stability of membranes in H2S-
containing gas mixtures is an important issue.  We report here the hydrogen flux of ANL-
3e membranes versus time during exposure to feed gas containing up to ≈3000 ppm H2S.

EXPERIMENTAL

Compositions in the system BaZr0.8-xPrxY0.2O3 were prepared by solid-state
reaction using BaCO3, ZrO2, Pr2O3, and Y2O3 as starting materials.  Precursor powder
mixtures were calcined twice at 1000-1100°C in air with intermittent grinding. The
resultant powders were analyzed by X-ray diffraction (Scintag) to assure their phase-
purity, then were ground and uniaxially pressed into disks.  The sintering temperature for
the disks varied monotonically with composition.  BaPr0.8Y0.2O3 (x = 0.8) was prepared
by sintering 12 h at 1500°C in air, and reached a density of ≈94% of theoretical (6.32
g/cm3).  BaZr0.8Y0.2O3 (x = 0.0) required a much higher sintering temperature; its final
density was only ≈90% of theoretical (6.20 g/cm3) after sintering for 12 h at 1650°C in
air.  Conductivity was measured in air and 4% H2/balance N2 by impedance analysis
(Solartron SI 1260).
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The powder mixture used to fabricate ANL-3e membranes was prepared by
mechanically mixing 50 vol.% of hydrogen transport metal with a ceramic powder that
can be sintered relatively easily.  The powder mixture was uniaxially pressed into disks
that were sintered at 1400°C for 5 h in ambient air.  For permeation tests, both sides of
the disks were polished using 600-grit SiC paper to obtain the desired thickness and
produce faces that were flat and parallel to one another. The hydrogen permeation rate
(i.e., hydrogen flux) was measured by a procedure described elsewhere [14]. The stability
of ANL-3e membranes in H2S-containing atmospheres was determined by measuring the
hydrogen flux versus time in atmospheres with progressively higher H2S concentrations.
Gas mixtures for these tests were prepared using mass flow controllers to blend ultra high
purity (UHP) He with H2 that contained a known H2S concentration.  The compositions
of the gas mixtures and the H2S-containing gas used to prepare them are given in Table 1.

Table 1.  Compositions of gas mixtures used to test stability of ANL-3e
membranes in H2S-containing atmospheres and components used to
prepare the mixtures.

Composition of Gas Mixture Gases Used to Prepare Mixture
51 ppm H2S/19.2% H2/Balance He 250 ppm H2S/balance H2 & UHP He
97 ppm H2S/19.4% H2/Balance He 500 ppm H2S/balance H2 & UHP He
400 ppm H2S/79.8% H2/Balance He 500 ppm H2S/balance H2 & UHP He

2922 ppm H2S/19.2% H2/Balance He 1.5% H2S/balance H2 & UHP He

RESULTS

Figure 1 shows the X-ray diffraction powder patterns for selected compositions in
the BaZr0.8-xPrxY0.2O3 system.  These patterns show that compositions with x=0.0, 0.2,
0.3, 0.4, and 0.8 are all single-phase materials.  As the Zr content increases, the peak
positions shift to higher angles because the perovskite unit cell shrinks due to the smaller
ionic radius of Zr4+ (RIV = 0.72 Å) relative to Pr4+ (RIV = 0.85 Å) [15].

The stability of the x = 0.0, 0.4, and 0.8 compositions was evaluated with samples
that had been stored in humidified air (≈3 vol.% H2O) for 96 h at room temperature.  The
x = 0.8 composition crumbled easily with handling, whereas BaZr0.4Pr0.4Y0.2O3 showed
no such signs of poor stability.  As seen in Fig. 2, the x = 0.8 composition initially
showed only X-ray diffraction peaks for the BaPr0.8Y0.2O3 phase, but diffraction peaks
for new phases appeared after exposure to moist air.  By contrast, the powder patterns for
the x = 0.4 composition showed no evidence of decomposition after the exposure,
indicating that the substitution of Zr has improved chemical stability with respect to
BaPr0.8Y0.2O3.
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Figure 1. X-ray diffaction patterns for selected compositions in the
BaZr0.8-xPrxY0.2O3 system.

  

Figure 2.  X-ray diffraction patterns for BaZr0.4Pr0.4Y0.2O3 and
BaPr0.8Y0.2O3 before and after exposure to humidified air (≈3 vol.%
H2O) at room temperature.
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Figure 3 shows total conductivity data for the x = 0.0, 0.4, and 0.8 compositions of
BaZrxPr0.8-xY0.2O3 along with the conductivity of BCY for comparison.  While the
conductivity of BaPr0.8Y0.2O3 (x = 0.8) is the highest and is considerably higher than that
of BCY over the entire temperature range, previous studies [12-14] suggest that the
conductivity of BaPr0.8Y0.2O3 is predominantly electronic. The nature of the charge
carriers needs to be determined, because this material will not be useful as a hydrogen
separation membrane unless a large fraction of its conductivity is protonic.  Substituting
Pr for Zr to get the BaZr0.4Pr0.4Y0.2O3 composition gives a conductivity that is much
higher than that of BaZr0.8Y0.2O3. While this study is in its initial stages, preliminary
results indicate that intermediate compositions (0<x<0.8) have better chemical stability
than BaPr0.8Y0.2O3 and higher conductivity than BaZr0.8Y0.2O3.  However, all samples
were extremely brittle after their conductivities were measured, possibly due to their
decomposition in 4% H2/balance N2. Chemical stability thus remains an important issue
for these materials.

      

Figure 3. Bulk conductivity vs. inverse temperature for selected
compositions in the BaZr0.8-xPrxY0.2O3 system (BaCe0.8Y0.2O3 included
for comparison).  Measurements for BaPr0.8Y0.2O3 were made in dry 4%
H2/balance N2 due to its poor stability in humid environments.
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We next turn to the results from tests with ANL-3e membranes.  Figure 4 shows
that the hydrogen flux through a 22-mm-thick ANL-3e membrane increases linearly with
the difference in the square root of the hydrogen partial pressure in the feed and sweep
gases.  This behavior is characteristic of bulk-limited hydrogen diffusion through a metal
phase and is expected, because the membrane contains a hydrogen transport metal, and
the ceramic phase has a low hydrogen permeability.  Such behavior suggests that
reducing the membrane thickness may increase the hydrogen flux.
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Figure 4. Hydrogen flux through 22-mm-thick ANL-3e membrane vs.
difference in the square root of hydrogen partial pressure for the feed
(pH2f) and sweep (pH2s) gases at 900 and 600°C.

Figure 5 shows the hydrogen flux of ANL-3e membranes versus the inverse of
membrane thickness at 900°C using 100% H2 as the feed gas.  As with ANL-3a
membranes made from the same hydrogen transport metal but a different ceramic matrix,
the hydrogen flux of ANL-3e membranes varies linearly with the inverse of membrane
thickness.  This behavior indicates that the hydrogen permeation is controlled by bulk
diffusion over this thickness range (22-100 mm).  The highest flux for the ANL-3e
membranes (19.0 cm3(STP)/min-cm2) was only slightly lower than the record flux
measured with an ANL-3a membrane (20 cm3(STP)/min-cm2) [16].  However, if the
ceramic phase merely supports the hydrogen transport metal and does not influence the
hydrogen permeation, the ANL-3e membrane should have had the higher flux, because it
was slightly thinner (22 mm vs. 40 mm) and contained an equal concentration (50 vol.%)
of the same hydrogen transport metal.  This apparent anomaly may suggest that the
ceramic phase plays a secondary role in hydrogen permeation.
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Figure 5. Hydrogen flux through ANL-3e membranes versus inverse of
membrane thickness at 900°C using 100% H2 as the feed gas.

Figure 6 shows the hydrogen flux of an ANL-3e membrane (thickness = 100 mm)
versus time at several temperatures in feed gas of 51 ppm H2S and 19.6% H2/balance He.
For the initial (time = 0 h) reading at each temperature, UHP H2 and UHP He were mixed
with mass flow controllers to give the same hydrogen concentration that the H2S-
containing gas would subsequently contain.  After measurement of the initial hydrogen
flux, UHP H2 was switched to H2 with 250 ppm H2S to measure the flux versus time.  At
every temperature, the hydrogen flux decreased slightly during the first hour of exposure
but was stable thereafter.  At 900°C, the flux actually increased slightly during longer
exposures, and the final flux was only ≈3% lower than the initial flux.  The reason for the
initial decrease in flux is not understood at this point, but thermodynamic data indicate
that reaction between the hydrogen transport metal and H2S is not favorable under these
conditions.

Figure 7 shows the hydrogen flux of an ANL-3e membrane (thickness = 200 mm)
versus time at 900°C in feed gases with different concentrations of H2S.  As in the earlier
measurements with 51 ppm H2S, a mixture of UHP H2 and UHP He was used for the
initial reading, then UHP H2 was switched to an H2S-containing gas. For measurements
with a given H2S concentration, the hydrogen concentration was constant during the
initial and subsequent measurements.  In the gas mixtures with 97 ppm H2S (19.4% H2)
and 400 ppm H2S (79.8% H2), the hydrogen flux decreased moderately (~10%) in the
first hour of exposure and then was stable, perhaps even increasing slightly with time.
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Figure 6. Hydrogen flux vs. time at several temperatures for 100-mm-thick
ANL-3e membrane in feed gas of 51 ppm H2S/19.6% H2/balance He.
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feed gases with range of H2S concentrations.
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The hydrogen flux of the ANL-3e membrane decreased sharply after gas containing
2922 ppm H2S (19.2% H2) was introduced into the reactor.  The flux decreased ≈60%
during the first hour of exposure and ≈70% after 2 h of exposure and continued to
decrease at longer exposures.  In addition, leakage through the sample increased with
time, as indicated by the measured He concentration in the sweep gas.  After 70 h of
exposure, the sample was cooled in He.  Penetration of the sample by isopropyl alcohol,
from one face to the other, showed that the sample contained interconnected porosity
after the permeation test in 2922 ppm H2S; alcohol had not penetrated the sample before
the permeation test.  Also, examination of the sample by scanning electron microscopy
indicated a loss of metal from the membrane surface.  These results suggest that the sharp
drop in hydrogen flux and increase in leakage rate were caused by loss of the hydrogen
transport metal.  In combination with the results for lower H2S concentrations, this
finding indicates that the stability limit for ANL-3e membranes in H2S-containing
atmospheres is in the range of 400-2922 ppm H2S.

CONCLUSIONS

We have developed various membranes that nongalvanically separate hydrogen
from gas mixtures.  To increase the hydrogen flux in some of these membranes, as well
as improve their mechanical strength and thermodynamic stability, we are investigating
the BaZr0.8-xPrxY0.2O3 system as a possible alternative to BCY. While some
compositions in the BaZr0.8-xPrxY0.2O3 system exhibit promising conductivity, their
stability remains an important issue.

The hydrogen flux through ANL-3e membranes increase linearly with the
difference in the square root of hydrogen partial pressure for the feed and sweep gases
and with the inverse of membrane thickness over the range 22-100 mm.  This behavior
indicates that the flux is limited by bulk diffusion of hydrogen in this thickness range.
The highest measured hydrogen flux for an ANL-3e membrane (thickness ≈22 mm) was
19.0 cm3 (STP)/min-cm2 at 900°C using 100% H2 as the feed gas.  This value is only
slightly lower than the record flux measured with an ANL-3a membrane (20
cm3(STP)/min-cm2). The hydrogen flux of ANL-3e membranes was stable, after a small
initial decrease, for up to 120 h in atmospheres containing up to 400 ppm H2S.  While
long-term (>120 h) studies are required, these results indicate that the ANL membranes
may be suitable for practical applications.
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